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Background: Genomic selection and genomic wide association studies are widely used methods that aim to exploit
the linkage disequilibrium (LD) between markers and quantitative trait loci (QTL). Securing a sufficiently large set of
genotypes and phenotypes can be a limiting factor that may be overcome by combining data from multiple breeds or
using crossbred information. However, the estimated effect of a marker in one breed or a crossbred can only be useful
for the selection of animals in another breed if there is a correspondence of the phase between the marker and the
QTL across breeds. Using data of five pure pig (Sus scrofa) lines (SL1, SL2, SL3, DL1, DL2), one F1 cross (DLF1) and two
commercial finishing crosses (TER1 and TER2), the objectives of this study were: (i) to compare the equality of LD decay
curves of different pig populations; and (ii) to evaluate the persistence of the LD phase across lines or final crosses.
Results: Almost all of the lines presented different extents of LD, except for the SL2 and DL3, both of which exhibited
the same extent of LD. Similar levels of LD over large distances were found in crossbred and pure lines. The crossbred
animals (DLF1, TER1 and TER2) presented a high persistence of phase with their parental lines, suggesting that the
available porcine single nucleotide polymorphism (SNP) chip should be dense enough to include markers that have
the same LD phase with QTL across crossbred and parental pure lines. The persistence of phase across pure lines varied
considerably between the different line comparisons; however, correlations were above 0.8 for all line comparisons when
marker distances were smaller than 50 kb.
Conclusions: This study showed that crossbred populations could be very useful as a reference for the selection of pure
lines by means of the available SNP chip panel. Here, we also pinpoint pure lines that could be combined in a multiline
training population. However, if multiline reference populations are used for genomic selection, the required density of
SNP panels should be higher compared with a single breed reference population.
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Linkage disequilibrium (LD) is a nonrandom association
between alleles at different loci [1]. There has been a
growing interest in LD analysis with the explosion of
genomic selection (GS) and genome wide association
studies (GWAS) published in recent years. Both GS and
GWAS exploit the LD between markers and quantitative* Correspondence: renata.veroneze@ufv.br
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(GEBV) or to detect regions that control traits of interest.
The accuracy of GEBV depends on the LD between
the markers and the QTL, the number of animals in the
reference population, the heritability of the trait, the
distribution of QTL effects [2] and the level of family
relationship between the reference population and the
selection candidates [3]. The number of animals in the ref-
erence population is a critical parameter for the accuracy
of GS [4], and this value can limit the application of GS
in certain situations. This constraint may be overcome
by increasing the reference population size by combining
animals from different breeds or lines [5]. Daetwyler et al.al Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
Table 1 Parameter estimate (
⌢
βk), standard error and
p-value for the nonlinear fitted model for each line
Line
⌢
βk Std. Error p-value
SL1 1.78 × 10−3 4.76 × 10−6 <10−3
SL2 1.25 × 10−3 2.89 × 10−6 <10−3
SL3 1.69 × 10−3 4.42 × 10−6 <10−3
DL1 2.12 × 10−3 6.09 × 10−6 <10−3
DL2 1.71 × 10−3 4.49 × 10−6 <10−3
DLF1 2.44 × 10−3 7.46 × 10−6 <10−3
TER1 2.92 × 10−3 9.63 × 10−6 <10−3
TER2 2.03 × 10−3 5.75 × 10−6 <10−3
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based best linear unbiased prediction (BLUP) using a mul-
tibreed sheep training population.
Another approach that can be used to acquire a larger
reference population is the inclusion of crossbred animal
information, because large populations are available in
commercial farms. Using crossbreds has several advan-
tages: one crossbred population could be used to select
more than one pure line, the phenotypes of production an-
imals can be more relevant for breeders and the animals
can be selected for traits that are not measured in the nu-
cleus herd (e.g. disease resistance). In addition, using cross-
bred data it may be possible to account for heterotic effects
in the selection. Using marker information, Amuzu-Aweh
et al. [7] showed that it was possible to identify specific
sires whose offspring could be expected to show higher
levels of heterosis. These approaches are especially attract-
ive for the pig industry, where breeding companies keep a
range of sire and dam lines. Using crossbred reference pop-
ulations could reduce the need to establish separate large
reference populations for each pure line.
To evaluate the potential for using a reference popula-
tion from a different breed or cross, it is essential to know
the LD in those breeds and crosses, as well as the persist-
ence of the LD phase across these populations and with
the population of selection candidates. Assuming that QTL
effects are the same in different breeds, the estimated effect
of a marker in one breed can still only be used to select an-
imals in another breed if the phase of the marker and QTL
alleles are the same in both breeds [8]. GS uses direct rela-
tionships and LD to predict breeding values. When predic-
tions are carried out in populations with distantly related
individuals, the accuracy is mainly determined by LD
between markers and QTL, while predictions with closely
related individuals rely mainly on direct relationships [9].
Thus, when the relatedness across breeds is small, the
accuracy of prediction is mainly reflected in the LD be-
tween markers and QTL. In addition, knowledge of the
persistence of phase across physical distance between
markers for two populations can be used to determine
which marker density is needed to provide the same LD
phase across these populations [10].
Badke et al. [11], when evaluating the Landrace, York-
shire, Hampshire and Duroc breeds, found that the cor-
relation of phase ranged between 0.87 for Duroc-
Yorkshire and 0.92 for Landrace-Yorkshire, for markers
with a pairwise distance <10 Kb. While, for the same
distance, Wang et al. [12] found a persistence of phase
of 0.61 for Duroc-Landrace, 0.57 for Duroc-Yorkshire
and 0.66 for Landrace-Yorkshire. Studies evaluating LD
and persistence of phase in crossbred pig lines are scarce,
and the comparison of LD decay in different populations
has been achieved visually using average LD [10-14], with-
out the application of models or statistical comparisons.In the present study, we evaluated five pig pure lines
(SL1, SL2, SL3, DL1, DL2), one F1 cross (DLF1) and two
commercial finishing crosses (TER1 and TER2) repre-
senting the crossbred structure of pork production. The
objectives of this study were: (i) to compare the equality
of LD decay curves of different populations; and (ii) to
evaluate the persistence of phase across populations.Results
LD decay
The nonlinear model for the decay of LD with distance
was adjusted to simultaneously describe multiple lines.
The model parameter βk describes the decline of LD
with distance for each line. The estimates of β^k ranged
from 1.25 × 10−3 to 2.92 × 10−3 and were all significantly
different from zero (p-value <0.01) (Table 1).
The adjusted model to describe the LD permits a stat-
istical comparison of the lines with respect to the decline
of LD with distance, which is important to infer the size
of single nucleotide polymorphism (SNP) panels for GS
and GWAS in these lines. To compare the lines, the
equality of the LD curves was tested. The first hypothesis
tested H 1ð Þ0 : βk ¼ β ∀ k
 
states that the model to de-
scribe the LD decay is the same for all lines. This hypoth-
esis was rejected (p-value <10−3), which implies that at
least one parameter β differs from the other parameters.
Next, a pairwise comparison was carried out that aimed
to identify which lines are equal or different regarding
the parameter β. All pairwise comparisons were signifi-
cantly different [see Additional file 1: Table S1], with
the exception of the comparison between βSL3 and βDL2
(p-value 0.0117 > Bonferroni corrected significance α*).
These results suggested that the same model could be
used to describe the LD decay of these two lines. In
addition, SL2 showed the smallest β value, which im-
plied that this line has the largest extent of LD, while
TER1 showed the largest β value and consequently the
shortest LD.
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that the overall pattern of LD decay differed between
lines. The predicted LD was reported at specific marker
distances (Table 2), with the highest values of predicted
LD observed for SL2 at various distances, while TER1
presented the lowest values. SL3 and DL2 presented the
same values of predicted LD, because the β parameters of
these lines did not differ statistically. All lines presented
low values of LD for marker distances above 3000 kb. At
these large marker distances, the crossbreds exhibited
similar levels of LD compared with the pure lines.
Most of the studies on LD presented the average r2 at
various distances to compare populations. To facilitate
comparison with other studies and also to make a com-
parison with the predicted LD, the average and standard
deviation of LD at various distances are shown in Table 3.
The standard deviation of r2 tended to decrease when
the distance between markers increased in all lines,
which is expected, because at short distances the r2
values are much more variable. The average LD for
markers less than 50 Kb apart ranged from 0.55 for SL2
to 0.46 for TER1, both of which are smaller than the
predicted LD at the same marker distance. Similar to the
predicted LD, SL2 presented the highest values of aver-
age LD at various distances, thus showing the same
tendency for predicted and average values. However, the
predicted LD was higher than the average for short
distances (>50 Kb) and smaller for the largest distances
(3000–3050 Kb) for all lines.
Persistence of linkage disequilibrium phase
In pig production, crossbred animals are used for rep-
roduction on commercial farms. The line DLF1 represents
these crossbred females, and crossing the dam lines DL1
and DL2 produces these animals. DLF1 presented a
similar LD compared with lines DL1 and DL2, with high
persistence of phase, a correlation of >0.9 for marker dis-
tances up to 150 Kb and a correlation of >0.8 for marker
distances up to 1200 Kb.
Commercial finishing pigs TER1 and TER2 are the
end product of the pig industry, and are based on a crossTable 2 Predicted r2 at various distances (Kb) for eight
pig populations
Distance (Kb) 50 250 500 1000 2000 3000
SL1 0.74 0.36 0.22 0.12 0.07 0.04
SL2 0.80 0.44 0.28 0.17 0.09 0.06
SL3 0.75 0.37 0.23 0.13 0.07 0.05
DL1 0.70 0.32 0.19 0.11 0.06 0.04
DL2 0.75 0.37 0.23 0.13 0.07 0.05
DLF1 0.67 0.29 0.17 0.09 0.05 0.03
TER1 0.63 0.26 0.15 0.08 0.04 0.03
TER2 0.71 0.33 0.20 0.11 0.06 0.04between DLF1 and either SL1 or SL2, respectively. TER1
showed higher persistence of phase with SL1 and DLF1
compared with lines DL1 and DL2 (Figure 1b); this
result was expected because the haplotype sharing is
different between TER1 and these four populations.
TER1 showed a correlation of phase of >0.9 for markers
at distances below 200 Kb in relation to lines SL1, DLF1,
DL1 and DL2 (Figure 1b).
Similar to TER1, TER2 showed greater persistence of
phase with SL2 and DLF1 compared with lines DL1 and
DL2 (Figure 1c). The distance at which the correlation
of phase remained >0.9 was higher for TER2 compared
with TER1, with distances of 1050 Kb, 400 Kb, 150 Kb
and 50 Kb in relation to the lines SL2, DLF1, DL1 and
DL2, respectively (Figure 1c).
Interestingly, for TER1, a higher persistence of phase
was observed with DL1 than with DL2 (Figure 1b), but
the reverse was observed for TER2, with a higher per-
sistence of phase with DL2 than with DL1 (Figure 1c).
These results can be explained by the contributions of
different breeds to the different lines. SL1 and DL1 have
contributions from the Landrace breed, while SL2 and
DL2 have contributions from the Large White breed.
Persistence of phase across pure lines was evaluated to
provide information towards the use of a multiline refer-
ence population for GS. The highest persistence of phase
was observed between SL2 and SL3, and between SL2 and
DL2, which exhibited a correlation of >0.9 for markers at
distances up to 50 kb, and the persistence remained high at
larger distances (Figure 1d). The lowest correlation was ob-
served between SL1 and SL2 (0.81) for markers at distances
up to 50 kb. Persistence of phase showed a considerable
variation between the different line comparisons; however,
correlations were above 0.8 for all line comparisons when
marker distances were smaller than 50 kb. Common breeds
in the line genetic background resulted in a higher persist-
ence of phase. For multiline reference populations, a SNP
panel denser than the currently available is necessary to
keep the same phase across pure lines.
Discussion
Using the equality of curves test, the LD decay was
found to differ significantly for all except one of the
pairwise comparisons between the pig lines. Persistence
of phase was found to be highest between pure lines,
especially for short distances below 50 kb. The persistence
of LD between crossbreds and their (grand) parental lines
followed the expectations based on the contributions that
the different breeds made to each of the lines.
Equality of LD curves
A formal comparison of the level of LD decay was made
possible by our adjustments to the nonlinear model
described by Sved (1971) [15]. All of the lines studied
Table 3 Average and standard deviation r2 at various distances (Kb) for eight pig populations
Dist 0–50 200–250 500–550 1000–1050 2000–2050 3000–3050
SL1 0.49 ± 0.37 0.30 ± 0.31 0.23 ± 0.27 0.18 ± 0.23 0.12 ± 0.19 0.10 ± 0.16
SL2 0.55 ± 0.37 0.35 ± 0.33 0.28 ± 0.30 0.21 ± 0.25 0.14 ± 0.21 0.11 ± 0.18
SL3 0.50 ± 0.37 0.29 ± 0.30 0.24 ± 0.27 0.18 ± 0.23 0.13 ± 0.19 0.10 ± 0.17
DL1 0.49 ± 0.36 0.29 ± 0.30 0.21 ± 0.26 0.16 ± 0.22 0.11 ± 0.18 0.09 ± 0.16
DL2 0.51 ± 0.37 0.31 ± 0.31 0.24 ± 0.27 0.18 ± 0.24 0.12 ± 0.19 0.09 ± 0.16
DLF1 0.47 ± 0.36 0.27 ± 0.29 0.20 ± 0.24 0.15 ± 0.21 0.10 ± 0.16 0.08 ± 0.14
TER1 0.46 ± 0.35 0.25 ± 0.28 0.18 ± 0.23 0.14 ± 0.19 0.09 ± 0.15 0.07 ± 0.13
TER2 0.50 ± 0.35 0.29 ± 0.29 0.22 ± 0.26 0.16 ± 0.22 0.11 ± 0.17 0.08 ± 0.15
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the distance increased. Previous comparisons of LD decay
between breeds or lines was performed using average r2 in
distance bins [10,11,13,14] and/or adjusting a linear model
to test the breed effect [16,17]. The equality of curves test
permits not only the identification of the existence of line
differences, but also allows for a pairwise comparison
across all lines. The test revealed that six of the eightFigure 1 Correlation of phase (rij) in relation to the distance. a. Correlatio
between terminal cross (TER1) and its (grand) parental lines (SL1, DLF1, DL1 a
parental lines (SL2, DLF1, DL1 and DL2). d. Correlation across all pure lines (SLevaluated lines differ with respect to LD decay. Only the
comparison between SL3 and DL2 was not rejected, which
implied that the decrease in LD with the distance is the
same for these two lines. The extent of LD provides an
insight into the number of SNPs required for GS and
GWAS. Lines SL3 and DL2 presented the same predicted
LD; therefore, an identical marker density could be used for
genomic studies in both lines. However, this does not implyn between F1 (DLF1) and its parental lines (DL1 and DL2). b. Correlation
nd DL2). c. Correlation between terminal cross (TER2) and its (grand)
1, SL2, SL3, DL1, DL2).
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different markers may be segregating in different lines. The
test also revealed different extents of LD for six of the eval-
uated lines, with a higher LD observed for SL2 and a lower
LD for TER1. This information implied that different
marker densities should be used for GS and GWAS for
these lines, which could also influence the accuracy of GS.
LD in crossbreds
According to Reich et al. [18], the extent of LD depends on
the number of generations that have passed since the
occurrence of an LD-generating event. In crossbred popula-
tions, LD comprises the existing LD in the parent popula-
tions and new LD generated in the cross as a result of
different allele frequencies in the parental breeds [19]. The
average LD for markers at distances up to 50 kb ranged
from 0.47 to 0.50 in crossbreds and from 0.49 to 0.55 in the
pure lines, while for markers at distances between 3000 and
3050 Kb, the LD ranged from 0.07 to 0.08 in crossbreds
and from 0.09 to 0.11 in the pure lines. Surprisingly, the LD
over large distances was not higher in crossbreds. A pos-
sible explanation for these similar LD levels in crossbred
and pure lines may be the similarities in allele frequencies,
or in LD phase, between the (grand) parental lines of the
crossbreds. With similar frequencies, limited LD is created
because of crossing [19]. Similarity in the allele frequencies
could be caused by the fact that the minor allele frequency
(MAF) was one of the criteria used to select markers for
the 60K beadchip, which may have reduced the differences
in allele frequency across lines [20].
LD in pigs from the literature
By evaluating LD in Finnish Landrace and Finnish York-
shire pigs, Uimari and Tapio [13] found an average r2 of
0.47 and 0.49 for markers 30 kb apart, and these results are
similar to our findings for DL1 (Landrace based line) and
DL2 (Large White based line). In addition, Uimari and
Tapio [13] reported r2 values of 0.09 and 0.12 for SNPs that
were 5 Mb apart in Finnish Landrace and Finnish Yorkshire
pigs, respectively, which is higher than the average r2 of
0.06 for DL1 and DL2 found in the present study.
By studying Duroc, Hampshire, Landrace and Large
White from the USA, Badke et al. [11] detected average
r2 values of 0.26, 0.25, 0.19 and 0.21 for SNPs that were
500 Kb apart, respectively, while in the present work,
the lines SL1 (a combination of Duroc and Belgian
Landrace), DL1 and DL2 presented average LDs of 0.23,
0.21 and 0.24, respectively. The differences regarding
Duroc and SL1 could be explained by the breed compos-
ition of SL1, which contains Landrace genes, while dif-
ferences in population structure, such as inbreeding and
effective population size, could explain the LD differ-
ences of the Landrace and Large White breeds evaluated
by Badke et al. [11] and between DL1 and DL2. At largedistances (5 Mb), the LD levels were similar to those
found by Badke et al. [11].
Evaluating the LD in Danish Landrace, Large White
and Duroc, Wang et al. [12] found average LDs of 0.32,
0.32 and 0.35 for markers at a distance of 500 Kb,
respectively, and these values are much higher than the
values found in the present paper for DL1, DL2 and SL1
(0.21, 0.24 and 0.23, respectively). Parameters that are
specific for a population, such as the inbreeding, effect-
ive population size and selection, can also result in
different LD levels across populations. Studying the LD
of local Spanish and Portuguese pig breeds and of wild
pig populations, Herrero-Medrano et al. [21] found that
the decay of LD was greater in wild boars than in the
domestic breeds. Evaluating the LD of Chinese and
Western pigs, Ai et al. [22] found that Chinese breeds
have lower extents of LD than Western pigs.
Implications for GS
An average LD greater than 0.2 has been reported to be
required for GS [23], and this LD level was observed for
most of the evaluated lines at marker distances between
500 and 550 kb. All lines exhibited an average r2 higher
than 0.3 for markers 100–150 kb apart. Qanbari et al.
[24] found an average r2 = 0.30 for markers at dis-
tances <25 kb for German Holstein cattle, and Bohmanova
et al. [25] found r2 > 0.3 for markers at distances of 60 kb
in American Holstein cattle. Thus, in agreement with
Veroneze et al. [14] and Badke et al. [11], it seems that LD
extends further in European commercial pig breeds than
in Holstein cattle, which implies that the use of less dense
SNP panels is possible for GWAS and GS in pigs. Evaluat-
ing the use of low density panels associated with genotype
imputation in pig sire lines, Wellmann et al. [26] recom-
mended that a panel with 384 markers could be used for
genotyping selection candidates if at least one parent was
genotyped at high-density. However, if multibreed refer-
ence populations are used for GS, the required density of
SNP panels should be higher compared with a single
breed reference population.
Persistence of phase is essential for the success of across
lines GS. In the present paper, the persistence of LD phase
was evaluated for eight commercial pig populations, thus
representing the crossbreeding structure of pig production
design.
The high persistence of phase for SNPs with a 150 Kb
distance when comparing DLF1, DL1 and DL2 implies
that similar marker effects may be expected across the
evaluated lines. The available porcine SNP chip should
be dense enough to include markers that have the same
LD phase with QTL across DLF1, DL1 and DL2. The
persistence of phase with DLF1 shows the potential use
of an F1 commercial cross as a reference population to
select purebred lines. However, using pig purebreds to
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munication) found that the accuracies of the breeding
values are trait-dependent, which challenges the use of
the crossbred information in breeding programs.
In a simulation study using a crossbred (F1) as the ref-
erence population to select purebred animals, Toosi
et al. [19] found that using 10 markers per cM (a density
approximately equal to the present work) resulted in an
accuracy of GEBV of 0.78, while training in the same
breed as the validation population resulted in a accuracy
of 0.83. The authors concluded that crossbreds could be
used to select purebreds without significant loss of accur-
acy. Crossbred animals can also be used as a source of
information for genotype imputation, because of the high
persistence of phase. Evaluating multi-breed imputations
in Canadian dairy cattle breeds, Larmer et al. [27] found
that multi-breed populations resulted in increased imput-
ation accuracy for the breeds Guernsey and Ayrshire,
where consistency of gametic phase was high.
Using crossbred animals in the reference population is
expected to have a number of advantages. First, the
utilization of crossbred performance to select purebreds
enables selection for traits that cannot be measured at
nucleus farms, such as disease resistance [28]. Second, a
crossbred reference population may allow for reduced
costs of GS when the same crossbred performance can be
used as information for selection in two or more pure
lines. Third, the use of crossbreds permits exploitation of
the heterotic effects, which cannot be done when the se-
lection is performed exclusively in purebreds. However, for
the use of crossbred information, pig breeding programs
need to adapt their data collection to obtain the pheno-
types of F1 sows and finishing pigs, which can be challen-
ging, because these animals are held on commercial farms.
Interpretation of the correlations between lines
The higher correlation of the LD phase in TER1 with
SL1 and DLF1 compared with the correlation of TER1
with DL1 and DL2 was expected because the persistence
of the LD phase tended to decrease when a smaller pro-
portion of the genome is shared. TER1 shares 50% with
both SL1 and DLF1, and only 25% with both DL1 and
DL2. TER2 showed the same tendencies, showing a higher
correlation with its parent lines, SL2 and DLF1, than with
its grandparent lines, DL1 and DL2. The correlation of
phase with TER2 was higher over much longer distances
between markers compared with TER1. Correlations
above 0.9 were observed for the LD between markers at
distances up to 1050 kb and 400 kb when comparing
TER2 with SL2 and DLF1. Our assumption was that the
higher persistence of phase of TER2 with its paternal line
SL2 is caused by the higher LD observed in SL2.
With the marker density provided by the pig 60K SNP
panel, the data from TER1 could be used in GS strategiesfor SL1. Similarly, the data from TER2 could be used to se-
lect in SL2. The 60K SNP panel provides a marker density
that shows a high persistence of LD phase between these
lines. A much higher marker density would be necessary to
ensure a persistence of phase between the lines TER1 and
TER2 and between the dam lines DL1 and DL2.
While the correlations between crossbreds and their
parental lines should allow for GS with a crossbred
reference population using the SNP60Beadchip, the ques-
tion remains whether the correlation of phase between
pure lines is also high enough for a multibreed reference
population design. The persistence of phase between pure
lines depends on the time since their divergence took
place [10]; i.e., the consistency of LD is directly related to
the degree of relationship between lines [29]. The highest
persistence of phase was observed between SL2 vs. SL3
and SL2 vs. DL2. As described in the Methods section,
SL2 is a synthetic line resulting from the combination of
the Large White and Pietrain breeds. SL3 is a Pietrain
pure sire line and DL2 is a Large White pure dam line.
Thus, the higher persistence of phase observed between
SL2 vs. SL3 and SL2 vs. DL2 could be explained by the
common breeds in the composition of these lines.
The persistence of phase of Duroc, Hampshire, Land-
race and Large White breeds was studied by Badke et al.
[11]. A correlation of phase of 0.92 was found between the
breeds Landrace and Large White for markers at distances
of 10 kb, which is similar to the correlation observed be-
tween the lines DL1 and DL2 (which are Landrace and
Large White derived lines, respectively) for markers at the
same distance (0.93). The persistences of phase between
SL1 vs. DL1 and SL1 vs. DL2 were higher (0.92 and 0.90,
respectively) than the values found by Badke et al. [11] be-
tween Duroc vs. Large White and Duroc vs. Landrace
(0.87 for both) for markers at distances of 10 kb. Some dif-
ference was expected, because SL1 is a synthetic line of
Duroc (mostly) and Landrace, so the highest persistence
of phase in relation to the study of Badke et al. [11] could
be caused by the presence of the Landrace breed in SL1.
The lowest correlations of phase were observed between
all lines and SL1. By evaluating the persistence of phase in
Landrace, Large White and Duroc, Wang et al. [12] found
a closer relationship between Landrace and Yorkshire and
a more distant relationship between Duroc and Landrace/
Large. By studying genetic diversity in native and commer-
cial pig breeds in Portugal, including Duroc, Landrace,
Large White and Pietrain, Vicente et al. [30] concluded
that Duroc is the more distant breed relative to the others.
This could explain why the lowest correlations were
observed between SL1 and the other lines.
Reference populations must be large for accurate pre-
diction in GEBV, and the use of a combined reference
population would be desirable. However, the correlation
of phase across pure lines was low, suggesting the need
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even when combining SL2 and SL3 or SL2 and DL2,
which presented the highest correlation of phase across
the pure lines (>0.9 for markers at distances up to 50 Kb).
The utilization of multibreed reference panels has been
studied as a method to increase the reference population
size [5,6,10]. Hayes et al. [5] indicated that multi-breed
reference populations will be a valuable resource to fine
mapping of QTL. de Roos et al. [10] concluded that multi-
breed reference panels could increase the reliability of
the GEBV when at least some animals of the target breed
are included, and the benefit of combining populations
increased when the populations have diverged for fewer
generations. In addition, Daetwyler et al. [6] showed that
GEBV are more accurate than pedigree-based BLUP, using
a multibreed sheep training population. According to
Daetwyler et al. [9], across breed accuracy depends on the
LD between markers and QTL because the impact of the
relatedness between the breeds is expected to be minimal.
Thus, persistence of phase studies provide information for
shaping multibreed, or in the case of the pig industry,
multiline reference panels. Knowing the persistence of
phase allows us to identify the lines that have diverged
more recently and would provide higher relationship
between reference and validation populations, a factor that
plays a large role in the accuracy of the predictions.
Conclusions
This work evaluated the persistence of LD and LD decay of
pure and crossbred pig lines using real data, and by repre-
senting the crossbreeding structure of pig production. Our
data demonstrated the potential of crossbreds as reference
panels for purebred selection and also pinpointed the pure
lines that could be combined in a multiline training popula-
tion. This study proposed an equality of LD decay curves to
evaluate significant differences regarding LD decay. Useful
LD (>0.3) seems to extend over larger distances in pigs than
in Holstein cattle, which implied that less dense SNP panels
are needed in GS and GWAS in pigs. However, if multiline
reference populations are used for GS, the required density
of SNP panels should be higher compared with a single
breed reference population.
Methods
The data used for this study were obtained as part of rou-
tine data recording in a commercial breeding program.
Samples collected for DNA extraction were only used for
routine diagnostic purpose of the breeding program. Data
recording and sample collection were conducted strictly
in line with the Dutch law on the protection of animals.
Data
The data for this study were obtained from animals
from five pig pure lines (SL1, n = 1,307; SL2, n = 643;SL3, n = 276; DL1, n = 626; DL2, n = 1013), one F1 cross
(DLF1, n = 186) and two commercial finishing crosses
(TER1, n = 286; TER2, n = 330). SL1 and SL2 are synthetic
sire lines; SL1 is a combination of Duroc (mostly) and
Belgian Landrace created in about 1980. SL2 is a combin-
ation of Large White and Pietrain created in about 1975.
SL3 is a Pietrain sire line. DL1 is Landrace based dam line
and DL2 is a Large White based dam line. DLF1 is a com-
mercial F1 cross resulting from crossing animals of DL1
and DL2. TER1 is a commercial finishing pig resulting from
a cross between DLF1 and SL1. TER2 is also a commercial
finishing pig that resulted from a cross between DLF1 and
SL2. All pure lines were kept under strict inbreeding
restrictions, with approximately 40 replacement sires per
year and more than 250 gilt replacements per year.
Animals were genotyped using the Illumina Porcine
SNP60 Beadchip, and all SNPs with an undefined position
in Build 10.2 [31] were excluded, as well the SNPs on the
X chromosome. The X chromosome recombines only in
females; therefore, it was expected that the X chromosome
would show higher LD than the overall genome [32],
which could cause an overestimation of the LD. The R
software [33] was used for within population marker qual-
ity control, using the package GenABLE [34]. Markers
with a call rate <90%, MAF <0.05 and/or a p-value for
the Hardy-Weinberg equilibrium <0.0001 were excluded.
The summary of the quality control of genotype data is
presented in [Additional file 1: Table S2].
To estimate the persistence of phase, the data were
divided into four groups, according the description
shown in Additional file 1: Table S3, and only SNPs
that passed the quality control in all lines of each group
were used. In group 1, the F1 (DLF1) cross was com-
pared with its parental lines, while in groups 2 and 3
the finishing crosses (TER1 and TER2) were compared
with their parental and grandparental lines. In group 4,
which included only pure lines, each line was compared
with all other pure lines.
LD
For each pig line, the LD between SNPs was computed as
the correlation of gene frequencies r2ij
 
[35] using the





pi 1− pið Þpj 1− pj
 
where pi and pj are the marginal allelic frequencies at the
ith and jth SNP, respectively, and pij is the probability of
the marker allele pair ij, which is estimated using max-
imum likelihood because genotype data were used [36].
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Decay of LD with the distance between markers was
compared between lines. Only SNPs that passed the
quality control filtering in all lines were used in this ana-
lysis. The comparison was conducted by adjusting the
nonlinear regression model proposed by Sved [15] to
allow for testing a curve equality hypothesis [37] across
the eight populations evaluated. For the curve equality
test, the nonlinear model receives a dummy variable that
represents each one of the eight populations. This










LDik is the observed r2ij for marker pair i of line k;
Dk is an dummy variable; such that:
Dk ¼ 1 if the observation LDik belong to the group k0 otherwise ;

di is the distance in Kb for marker pair i;
βk is the coefficient that describes the decline of LD
with distance for line k;
eik is a random residual, eik ~ N(0, σ
2);
The complete model is adjusted to test the hypothesis
that the same model can describe the LD decay of all
lines:
H 1ð Þ0 : βk ¼ β ∀ k vs H 1ð Þa : βk≠ β for at least one βk ;
To test The H 1ð Þ0 hypothesis, the following comparison
scheme was conducted, considering the complete (1)









where a single parameter β for all lines is assumed.
The residual sum of squares of the complete (SQRΩ) and
reduced (SQRω) models are used to perform a chi-squared
statistic: χ2computed ¼ N ln SQRΩ=SQRωð Þ; in which N is the
number of observed measures of LD. The hypothesis




α Vð Þ; where ν = pΩ − pω is
the degree of freedom, where pΩ and pω are the num-
ber of parameters of the complete and reduced models,
respectively, at a significance level α.
Rejection of the hypothesis H 1ð Þ0 implied that at least one
parameter β differs from the others, and, subsequently, a
pairwise comparison was carried out to identify the lines
that are equal or different in relation to the parameter β.
Multiple tests were carried out; therefore, the Bonferroni
correction was employed to reduce Type I errors. In thiscase, the significance threshold (α*) was obtained by divid-
ing the established significance threshold for a single test
(α = 0.05) by the number of independent tests (n). Thus,
for the present study, the significance level for pairwise
comparison was α* = 0.05/28 = 0.0018.
The nonlinear models were adjusted using the function
nls of the software R [33], and the hypothesis tests were
also conducted using R scripts.
Persistence of phase
The squared root of rij was obtained and given the same
sign as D, which was calculated as described by Roos
et al. [10], using the R software [33].
D ¼ f 22− f 12 þ f 22ð Þ f 21 þ f 22ð Þ
where:
f 22 ¼ 2pA22B22 þ pA22B12 þ pA12B22ð Þ=τ
f 12 ¼ 2pA11B22 þ pA11B12 þ pA12B22ð Þ=τ
f 21 ¼ 2pA22B11 þ pA22B12 þ pA12B11=τ
τ ¼ 2−2pA12B12
where pA12B12 is the proportion of animals with hetero-
zygous genotypes at both loci.
This approach was first described by Goddard [38], and
the setting of the D sign was conducted to consistently
define the statistic in all lines. The rij received the same sign
in two breeds if the same haplotype was more common
than expected from the allele frequencies in both breeds.
To express the correlation of rij across populations in
relation to the physical distances between SNPs, the
Pearson correlations between rij values were calculated
across lines for intervals of 50 kb (from 0 to 5000 kb).
The interval of 50 kb was chosen based on the coefficient
of variation (CV) of the number of SNP pairs for intervals
of 10, 30, 50, 70 and 100 kb [see Additional file 1: Table S4]
to guarantee that the most similar number of observations
in each bin were used to calculate the correlation. Based on
the CV evaluation, there was no evidence of difference in
the use of bins of 30, 50, 70 and 100 kb; thus the value of
50 Kb was chosen to give a more detailed LD description in
relation to the bins of 70 and 100 kb, and a better
visualization in relation to the bin of 30 kb.
Additional file
Additional file 1: Table S1. Values of χcomputed2 (below the diagonal)
and p-values for the pairwise comparison. Table S2 SNP data description
according to the quality control criteria. Table S3 Grouping of lines
and the number of SNPs for persistence of phase estimation. Table S4
Coefficient of variation (CV) for the number of SNP pairs in bins of 10, 30,
50, 70 and 100 Kb.
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